The Lillehei-Kaster (L-K) valve is a tilting disc prosthesis currently in use for heart valve replacement. We report data from phonocardiography (PHONO) and echocardiography (ECHO) in 20 patients with a normally functioning mitral valve prosthesis (MVP). The MVP is well recorded by ECHO, resembling a mitral stenosis pattern with a disc excursion of 7 to 12 mm and a mean opening and closing velocity of 37.7 and 59.8 cm/sec, respectively. Combined PHONO and ECHO show that the opening sound of the MVP is small, related to onset of valve opening and not peak opening. It follows the aortic component of the second sound (A2) by 0.05 to 0.09 sec in normals; it may be absent (12/20). Peak opening follows A2 by 0.08 to 0.12 sec. The closing sound of the MVP, best heard in the mitral area, is always two-fold with a small initial high frequency (HF) component and a second large HF sound separated by no more than 0.03 sec. The first component (A) is related to onset of closure and the second (B) to completion of closure. Systolic and diastolic murmurs were commonly present. These data establish the normal ECHO and PHONO findings for patients with L-K MVP. Two other patients are also reported in whom such data were helpful for the noninvasive evaluation of valve function, indicating in one instance acute mitral regurgitation and in the other an increase in degree of aortic regurgitation.
T' HE ANALYSIS of prosthetic valve dynamics by noninvasive means has become an acceptable way of assessing the functional status of several varieties, notably the Starr-Edwards series. Phonocardiography and, recently, echocardiography have been used for this purpose giving helpful information which can contribute to the identification of malfunction. During the past 18 months, we have been using the Lillehei-Kaster valve, an eccentric monocusp central flow prosthe-SiS.1' 2 This valve prosthesis is now in general use and, in order to obtain baseline data for the evaluation of function, we have delineated the phonocardiographic and echocardiographic characteristics of the mitral prosthesis. The manner in which certain complications may be diagnosed by those relatively simple methods has also been considered.
Materials and Methods
The study includes 22 patients aged 15 to 63. All had mitral valve replacement for either mitral stenosis or insufficiency but four also had aortic valve replacement. At operation, the mitral valve prostheses were placed so that the major arc of disc pivoting was towards the aortic outflow tract. This corresponds to the normal opening characteristics of the anteromedial cusp of the natural mitral valve. Fourteen patients were studied prior to discharge following operation; the others were seen at a later date.
Phonocardiograms were obtained from the four standard areas on a Cambridge MC IV multichannel data system recorder, using Leatham suction microphones. Simultaneous apex cardiograms and external carotid tracings were also recorded by the same instrument using a Hellige pulse microphone transducer. The ultrasonoscope was a Smith-Kline Instruments Company Ekoline 20A coupled to a Cambridge strip chart continuous recording channel. A 7.5 cm externally focused 2.25 MHz transducer was used and the mitral valve reiion obtained by scanning in the standard fashion employed by Feigenbaum.3 It was possible to obtain an echocardiogram of diagnostic quality in all patients studied. All data were recorded at a paper speed of 100 mm/sec.
LILLEHLEI-KASTER 'MITRAL VALVE PROSTHESIS
In the first five patienits studied onily polaroid photographs of mitral valve movement were taken. In the remainder. it was possible, by means of tlhe strip clhart system, to record simultaiieously a phonocardiogram from the site of maximal clar.ity of prosthetic sounids, a mitral valve echocardiogram anid a lead IL ECG. Thus the identificationi and measurement of prosthetic valve eveints was facilitated. Preoperatively, the followinlg phoinocardiographic measuremenlts were obtained: 1) Q-S,; 2) A.2-opening soulnd. Postoperatively, the following phonocardiogr.aphic and echocardiograpphic nmeasurements were obtained: 1) Q-completioin of N1VP closue ly eclhocardiogram; 2) A2-MVP opening sounid; 3) A2-onset of MVP opening by echoeardiogram; 4) A2-peak of MVP opening by echocaidiogram; 5) Amplitude of excursion of MVP ill mm; 6) Rate of MVP opening and closure in cm/see, using the lijne of a slope conniiecting the onset of anteriior-o}r p)ostel-ior movemen-t with the end of anterior or postenior movement.
All measuremenits were takeni to the nearest 0.01 sec and were a meani of five readings. The measur-emenits xvere standardized in patienits with atrial fibrillation byv uising cvele lengths in the regioni of 0.8 see.
Results
The clinical characteristics of the patients studied and the results obtained are shown in table 1. Two groups are identified for the purpose of analysis. Group A consists of those in whom a normally functioning mitral valve prosthesis was present; as.sessment of normality was based oni clinical grounds with an apparently uncomplicated postoperative course. Examples of recordings taken are shown in figure 1 . These data were used to This echo is considered to be the disc movement. C represents the valve ring withitn twhichi the disc seats. D may represent echoes from the retaininitg strtits anid is an inconsistent featuire. (Right) This is an adlditionial example of the echocardiograrn of a Lillehei-Kaster mnitral valve prosthlesis. Int this record ii hcas been possible to damp) ouit all echoes other thani dists opening m7lov(.;i7tetm t (A,) and closintg movement (A2). B mayl be a compijosite of the disc and the valve ring. This type of record is used for measurement of disc excuirsion andI velocity.
Circutlion, Volume XLIX, March 1974 establish the expected normal range. Group B are patienits with complications related to prosthetic valve replacement.
Normal Opening Sound
The openinig sound of the prosthesis was rarely identified by auscultation. When present, it was heard maximally at the apex or lower left sternal border and was of a higher pitch than an opening sniap. It was recorded as a small, discrete single high frequency sound in eight of twenity patients, following the onset of aortic closture by 0.05 to 0.09 see. It occurred at the onset of prosthetic valve opeiing, not at the peak, and examples of this sound are shown in figures 2 and 3. The characteristic relationship to mitral prosthesis openinig is seeni in figure 3. Using the echocardiogram, the time from onset of aortic valve closure to the oniset of mitral prosthesis opening varied from 0.05 to 0.09 sec xvith a mean of 0.070 see. Peak opening varied from 0.08 to 0.12 see with a mean of 0.099 sec Normal Closing Sounds Mitral prosthetic closure was heard, usually as a loud, high pitched metallic clicking sound, maximal at the loxver left sternal border but well transmitted over the whole precordium. The phonocardiogram demoinstrated that two souinids were present.
The first (A) was small, usually consisted of several high frequency vibrations, folloxved by a much larger sound (B) xvith 2-3 high frequenicy components lastinig 0.02 sec and following A by no more than 0.03 sec ( fig. 2 ). The rel.ationship of sound A to souind B is seci in figures 3 and 4. In these simultaneous phonoecardiographic and mitral valve echocardiographic records A is related to the onset of, and B to the completion of, mitral prosthesis closture. The onset of the major component of the closing sounid (B) followed Q by 0.06 to 0.08 see (meani = 0.068 sec). The double sound was presenit in all patienits studied.
Closing Sound Variants
The loudiness of the closinig souniid was inversely related to the preceding R-R interval in patientts with atrial fibrillation. This was more apparent for A than B. Figure 5 shows the differenice in the amplituide of A anid B betweeni a short cycle with R-IR interval of 0.62 sec compared to a cycle of 0.95 sec. Followinig the short cycle, A is six timnes larger.
Othel variants have inicluided a patient who developed a proloniged P-R initerval and one wvith Illustrating the opening and closing of the Lillehei-Kaster mitral valve prosthesis. A phonocardiogram from the mitral area (PCG-MA) and a lead I ECG were taken. The mitral prosthesis opening souind is shown by the arrow (MPO) and the two high frequency components, A and B, of the mitral prosthesis closing souinds (MPC) are illustrated. Both a systolic murmuir (SAl) and a diastolic murmur are seen.
atrial fibrillation who had markedly prolonged R-R intervals intermittently. The patient with first degree A-V block (PR = 0.40 seconds) showed consistenltly premature prosthetic closure with a clearly defined closing souiid ( fig. 6 ). The patient with atrial fibrillation was seen to close his prosthesis prematurely during a particularly long R-R interval ( followxing the oniset of ventricular depolarization the valve opened tranisiently but closed again almost immediately ( fig. 7 ).
Murmurs
Following mitral valve replacement, it was the ruile to hear and record systolic murmurs in group A patients. Generally these were small, in early to mid systole and of medium to low frequency, averaging grade 2/6 in intensity. Examples are seen in figures 2, 3, 4, 7 and 8. Diastolic murmurs following MPO were also commonly recorded in group A but not always heard. They were seen in 14 of the 20 patients. There was some variation in their frequency and examples are seen in figures 1 and 7.
Velocity and Amplitude of Valve Movement
The openinig velocity of the normal MVP ranged from 28 to 59 cm/sec (mean 37.7 cm/see) and the closing velocity from 39 to 99 cm/sec (mean 59.8
IMPC,
A. Simultanrcous phonocardiogram from the mitral area (PCG-MA), lead II ECG and mitral prosthesis echocardiogram. First degree A-V block (PR -0.40 sec) is present. Premature closure of the mitral prosthesis is shown by arrow which also indicates the mitral prosthetic closure sound (MPC). S% is preceded by low frequency sounds and may be an ejection click occurring 0.10 seconds following the onset of the QRBS complex. A third sound is also present (S,) and a low freqluencyl diastolic murmur is seen. and closing sounds on auscultatio.n. In contradistinction, the L-K valve does not have an opening sound of any magnitude. When present it is hard to hear, and it is more often absent. As a result, the echocardiogram is the superior marker of opening events for this prosthesis and may be used for accurate timing purposes by the simultaneous recording of a phoniocardiogram to identify aortic valve closure. This type of record shows that the opening sound, when present, does not occur at the peak of prosthetic disc openinig but at the onset. Therefore, it does niot correspond to and cannot be compared with an opening sinap or a caged ball opening click, since it is 0.02 to 0.04 sec earlier in timing. A comparison of peak opening for our normal group with data from patients with Starr-Edxvards mitral valves shows that the average times from aortic valve closure to prosthetic ball valve peak opening were 0.01 to 0.02 sec loniger.4-", This may imply a greater degree of gravitational inertia for the ball than for the disc. Simultanecotus recording of phonocardiogram (PCG) from aortic area (AA) and fourth left intercostal space parasternally (LSE), apexcardiogramri (APEX) and lead II ECG. A low frequency systolic muirmur is seen as is a diastolic murmur following a mitral value openiing sound. The apexcardiogram also shows notclhing of the outward movement phase.
PCG-MA

VALVE PROSTHESIS
The opening sound of the L-K prosthesis cannot le dtue to ani impingement of the disc on the two retaiining struts sinice this only takes place at full opening. It is more likely related to initial moveme-t of the disc vithiu the two pairs of fulcrum pivot projectionis of flanges which control the excursional arc. These each extend 2 mm into the valve orifice from the internal surface of the x falve housing, with one pair on the outflow and one on the inflow edge. In the closed position, pressures xvill be equally distributed over the disc, and the onset of a gradient from atrium to ventricle could iniitially shift the disc onto the outflow projections before pivotinig occurred. The closinig sound is made up of two components, the first correspondinig to the onset of closure and the second to the end of closure. The second componient normally follows the first by no more thani 0.03 sec anid is the audible closinig sound. The interval between the two components ro.ughly reflects the speed of closure of the valve. The time from onlset of the Q wave to the completion of mitral prosthesis closure was similar to those Circulation, Volume XLIX, March 1974 reported for the Starr-Edwards prosthesis implying a similar closing veloeity.4.
The first component (A) may be produced in a similar fashion to the opening sound anid related to iinitial disc movements within the four projections already described. This time the disc may impinige on the two projectionis situated oni the inflow edge. The seconid anid major part (B) of the closing souind is made by the disc impiniging on the disc stop of the anniular part of the valve signifying completion of closure; this is a clear "metallic" click.
It was possible by means of the echocardiogram to measure the amplitude of disc excursion to the nearest 1 mm, the limit of resolutioni for the 2.25
MHz trarnsdtueer used, and to establish opening and closing velocities. Amplitude was not necessarily related to valve orifice size nor to the theoretical amplitude of disc movement in vitro. The implication of this discrepancy is not clear although it may l)e a reflection of the method uised to obtaini the echocardiogram. The maximal amplitude used for measurement was that found in the standard mitral valve position and the reproducibility with equivalent technique was -'-1 mm in a period of one month folloxving valve implantation. However, we obtained the impressioni that valve excursion decreased xvith valve ageing sinice it was generally less for those which had been implanted for longer than 9 monthls. Valve velocity vas niot uniform and varied considerably betveen patients with apparently normal prostheses. There were also variations in inidividual patients. However, opening velocities were always slower than closing velocities for any inidividual patient. This is also the rule of the Starr-Edxvards and Beall mitral prostheses.7' 8 The average opening and closing disc velocities of the L-K valve also exceeded those of the Beall valve. 8 All interesting feature of the L-K mitral valve prosthesis combined echocardiogram and phonocardiogram was the ability to idenitify premature valve closure occuirring transienitly in two patients who had otlherwise niormal mitral prosthesis echoc ardiograms and had been included int grotup A. Originally, certain sounids seeni in the phonocardiogram in late diastole vere thoug,ht to be artefacts. A combined stuidy clearly shoxved that they xvere the resuilts of prosthetic valve closure (figs. 6 and 7). It his been hypothesized that the soft first souiiid ini complete A-V block with long P-R inite lrvals xvas duie to floatinig together of the normal mitral valve leaflets so that there xvas a short distance for them to travel at the time of closuri.e. The first soind 439 would be louder if the P-R interval were very long (greater than 0.30 sec) because the valve leaflets floated apart again.9 Such a hypothesis may be examined in the light of our data although it may not be possible to extrapolate from prosthetic disc movement to a normal mitral valve apparatus. In figure 6 , it is apparent that the valve closes completely well before the first sound and does not re-open. Thus, whatever the composition of the first sounsd, it is not due to mitral closure since no mitral contribution is possible. It appears loud, but the loud component is at least 0.10 sec after the onset of electrical systole and could be an ejection sound or a tricuspid sound. However it is unlikely that the latter would be so asynchronous in timing. Further work is required to clarify this point. Figure 7 shows that the mitral valve prosthesis can re-open, given a sufficiently long time for the reversal of an atrioventricular gradient to be overcome, and that the first sound is, as expected, of considerable amplitude.
The L-K valve is a relatively new variant of the single tilting disc prosthesis and little is known concerning its susceptibility to the several problems that have been known to occur in similar prostheses. Paravalvular leakage and infection have already been seen in our own series. Patient 21 was found on the eighth postoperative day to have a grade 3/6 holosystolic murmur at the apex with a reduced aortic valve closure to mitral valve peak opening time of 0.04 sec. These data persisted and we considered that he had a significant paravalvular leak. At cardiac catheterization he had a peak V wave pressure of 30 mm Hg and the left ventricular angiogram showed marked paravalvular regurgitation; this was confirmed at operation. The premature mitral prosthetic opening is consistent with data reported by Willerson et al. in patients with postoperative mitral regurgitation.'0 They emphasize that the presence or absence of systolic murmurs may be misleading as an indication of the severity of mitral regurgitation whereas the reduced aortic closure to mitral valve opening interval was the most useful noninvasive measurement in their study. Patient 22 had a delayed aortic valve closure to mitral valve peak opening time of 0.19 sec with slow opening and closing disc velocities. Recatheterization demonstrated that these data were related to severe aortic regurgitation, affecting the prosthesis both mechanically and by increase in left ventricular diastolic pressure. Konecke et al. have recently shown that alterations in the the opening and closing velocities of the intact mitral valve, measured from the echocardiogram, reflect left ventricular diastolic pressure levels. " We would conclude that regular follow-up of such patients is necessary in order to identify normal function. This can be done by such noninvasive means as combined echocardiography and phonocardiography since excellent identification of valve dynamics can be obtained. The echocardiogram is especially useful since it may afford the only means of evaluating mitral prosthetic valve opening. Serial data may show significant alterations in valve opening and closing velocity and amplitude. By these means it may be possible to reinforce clinical impressions in patients before their hemodynamic problems become critical.
